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ABSTRACT
Mediterranean ecosystems are commonly vulnerable to wildfires. Accelerated erosion processes due to wildfires in those environments constitutes a major restrictive factor in their sustainability. This study aims at evaluating the use of the Revised Universal Soil Loss Equation (RUSLE) and the Pan-European Soil Erosion Risk Assessment (PESERA) models in predicting the changes in spatial variability of soil erosion following a wildfire event. A site in Greece on which a wildfire occurred in the summer of 2007 is used as a case study. Soil erosion rates for the site before and after the fire outbreak were estimated by the two models. Inputs for both models included climatic, land-use, soil type, topography, Earth Observation (EO) as well as management and other ancillary data. 
Both models showed a substantial increase of soil erosion rates in the affected area as a result of the fire, particularly towards the steeper slopes and on areas of high burning severity. Yet, there were noticeable differences in the predictions between the 2 models in terms of absolute estimates of soil erosion rates before and after the fire event. Mean pre-fire erosion rates from RUSLE were ~2.5 times higher than those from PESERA. RUSLE predicted considerably higher mean erosion in comparison to PESERA for the post fire conditions, yet of much less spatial variability. Average post-fire soil loss value, compared to pre-fire, was about nine and six times greater when using the RUSLE and the PESERA model respectively. RUSLE predictions were most sensitive to topographic and rainfall erosivity factors. PESERA showed high sensitivity to the vegetation coverage as well as to the soil characteristics inserted as crusting and erodibility variables.
To our knowledge, this is the first study focusing on performing an intercomparison of soil erosion rates predictions between these two models, particularly so in the context of the influence of wildfire events. This study provides a key contribution towards our ability to better understand the effect of fire on soil erosion in the Mediterranean and elsewhere, as well as the ability of those widely used models as efficient tools to be used for this purpose. The latter is of key significance and practical value for research and policy decision making purposes alike, where information on spatiotemporal estimates of soil erosion rates may be required.





In the Mediterranean fire is a natural phenomenon that can have beneficial effects on vegetation revitalization. However, the high frequency and severity of these fires, especially over the last decades, has been a cause of forest ecosystem degradation (EEA, 2007; Ganatsas et al., 2012). Fire incidents leave the ground partially covered or uncovered by vegetation. Consequently, soil is thus exposed to severe surface water erosion processes. This can have a deleterious effect on such environments, causing a reduction in soil depth and soil water storage capacity, particularly for areas of sloping terrain, and an increase in flood events in the lowland areas (Campo et al., 2006, Pausas and Keeley, 2009). The intensity and duration of a fire incident is also one of the controlling factors of forest soil damage (Certini, 2005). Several studies, based primarily on field measurements, laboratory analysis and satellite remote sensing have focused on analysing the effects of fires on soil properties, functions and processes, including soil erosion (Johansen et al., 2001; Kapalanga, 2008; Mallinis et al., 2009; Varela et al., 2010; Shakesby, 2011; Esteves, 2012; de Vente et al., 2013).
On-site and off-site effects of erosion processes are a major environmental issue (Boardman et al., 2003; Robichaud and Cerdà, 2009), especially following a wildfire (Gimeno-García, et al., 2000; Miller et al., 2003).  Thus, it is regarded as a key research topic for soil scientists or geoscientists, and also policy makers, supporting the development of policy activities related to mitigation actions and environmental protection of sites from soil erosion. To this end, soil erosion models are major tools for decision making processes, having a significant impact on environmental and agricultural issues. Two of the most widely used erosion models today include RUSLE (Revised Universal Soil Loss Equation, Wischmeier and Smith, 1978) (van der Knijff et al., 2000) and PESERA (Pan-European Soil Erosion Risk Assessment, Kirkby et al., 2003). Indeed, Karydas et al. (2014) and Panagos et al. (2014), in a comparative study of 82 soil erosion models for different regions in Europe, highlighted that those two were the most suitable models for intercomparison. 
Both models were initially developed for estimating average annual sheet, rill and inter-rill water erosion in agricultural areas (Tsara et al., 2005; Kinnell, 2010). Though, through time they have also been applied in different settings, most notably in forest research. Dissmeyer (1984) and Esteves et al. (2012) were the first to adjust the RUSLE and PESERA models respectively for use in a forest system. A notable number of studies have also been focused on estimating post-fire erosion in soils previously occupied by forests using RUSLE (MacDonald et al., 2000; Miller et al., 2003; González-Bonorino and Osterkamp, 2004; Di Piazza et al., 2007; Larsen and MacDonald, 2007; Fernández et al., 2010; Deog Park et al., 2012). Yet, to our knowledge, there is only one study which has been implemented using PESERA for this purpose for two regions in Portugal (Esteves et al., 2012). Very few studies have also performed a comparative analysis of several erosion models, including earlier versions of the RUSLE and the PESERA models (de Vente et al., 2008; Kapalanga, 2008; Meusburger et al., 2010; de Vente et al., 2013; Panagos et al., 2014). However, no studies have yet to perform comparisons between PESERA and RUSLE in a post-fire erosion setting, particularly so in a Mediterranean environment. Indeed, such an investigation would also be undoubtedly of great interest if implemented in Mediterranean ecosystems due to the high relevance of land use/cover information extraction to desertification and land degradation, phenomena often pronounced in such regions (Castillejo-González et al., 2009). Moreover, the applicability of both models in a Geographical Information System (GIS) interface provides rescaling potential, allowing for forecasting and decision making at variable spatial levels (Karydas et al., 2012).  In purview of the above, this study aims at comparing the predictions of soil erosion rates between RUSLE and PESERA for conditions before and one year following a wildfire. As a case study, a wildfire that took place in Greece in 2007 is used.  


2. STUDY SITE 
Mt. Parnitha located approximately 30 km north of the capital of Greece, Athens, was selected as the study site (Figure 1). The site covers an area of about 4,726 ha. The terrain is characterised as mountainous, with more than 70% of the overall region at a mean altitude above 600 m. The climate is continental, with cold winters and warmer summers. The average annual precipitation ranges from about 500 mm at lower altitudes (400 – 600m) to more than 900 mm at higher elevations (>600m). Limestone is the dominant parent material (bedrock geology), soils are mainly moderately deep (30 – 60 cm), well-drained and the soil surface rock fragment content ranges from 15 – 40%. The main land use/cover types in the area consist of coniferous forests, transitional woodland – shrubs, heterogeneous agricultural areas and sclerophilous vegetation. On June 27th, 2007, a fire erupted approximately 15 km west of the core of mount Parnitha National Park (Ganatsas et al., 2012) which was suppressed three days later (July 1st, 2007).





Meteorological data records were acquired free of charge from a nearby meteorological station (Tatoi) operated by the Hellenic National Meteorological Service. Data acquired covered 2 periods, one year before the fire (July 2006 – June 2007) and one year after the fire (July 2007 – June 2008). Two climatic zones were defined, one characterizing areas with elevation lower than 600m and another zone for the areas above 600m. Semi-detailed soil mapping, field data collection and laboratory soil analyses were used to define the soil characteristics, including soil depth, rock fragments, drainage, parent material and texture, in 1:20,000 scale. Detailed topographic characteristics were obtained from a 30 m Digital Elevation Model (DEM) available from the ASTER sensor (ASTER GDEM, 2009). Information on the land use/cover was derived from the CORINE (“COoRdination of INformation on the Environment”) Land Cover 2000 (CLC 2000) dataset, combined with our familiarity of the area from previous studies and visits.  In addition, Landsat TM images (path: 182, row: 34) were acquired from the United States Geological Survey (USGS) archive (http://glovis.usgs.gov/ (​http:​/​​/​glovis.usgs.gov​/​​)) at no cost. The images were acquired on 16th of May 2007 (pre-fire) and 3rd of July 2007 (post-fire) at Level-1T processing, meaning that they were already geometrically corrected, geometrically resampled, and registered to a geographic map projection with elevation correction applied. An estimate of the burnt area was also obtained from the RiskEOS operational service (Petropoulos et al., 2011).

3.2. Burn Severity and Pre-processing 
All datasets were inserted to a GIS system and were converted into GIS map layers, projected into the Greek Geodetic System EGSA’87. In order to assess the impact of fire on erosion processes, it is important to determine the fire characteristics and how they affect vegetation and soil. The indicator used for this analysis is fire severity. Reduction of vegetation cover and disruptions in soil properties, such as aggregate stability and water repellency, are closely interrelated to fire severity (Shakesby and Doerr, 2006). 
Assessment of burn severity was conducted using the Normalized Burn Ratio (NBR), an index defined to highlight areas that have been burned and to indicate the severity of the burns (Key and Benson, 2005), and the Differenced Normalised Burn Ratio (dNBR) index. This was calculated as the difference between both pre-fire and post-fire NBR ratios which generates a scaled index of burn severity (Key and Benson, 1999; 2005). The NBR image for each scene was computed from Landsat Bands 4 (near infrared, 0.76–0.90µm) and 7 (mid infrared, 2.08–2.35µm) which are sensitive to changes in soil and vegetation moisture (Riaño et al., 2002), following the equation: 
   
Then, the NBR is calculated for both pre-fire and post-fire satellite scenes, before the two pre-/post-fire ratios are differenced (dNBR) to generate a scaled index of burn severity, the Differenced Normalised Burn Ratio (Eq. 4, dNBR; Key and Benson, 2005).

The index ranges from -500 to +1300.  The dNBR application to Landsat imagery has shown to be an effective method to map burn severity within temperate forests (Van Wagtendonk et al., 2004; Cocke et al., 2005) and boreal forests (Epting et al., 2005).
The output imagery was treated using the “supervised classification tool” of ArcGISTM, and was converted into a single-band raster with eight dNBR classes (Figure 2a). The latter was subsequently converted into a vector file and was unified with the existing database. Using selection queries from ArcGISTM Select by Attributes query box, complex selection processes were conducted interrelating dNBR parameter with others, such as vegetation and soil characteristics. The properties and the extent to which they were affected according to the defined dNBR classes are described in the following chapters.
More specifically, based on Simard et al. (2001), combustion causes reduction or total removal of the forest floor, affecting negatively soil erosion processes. Up to the temperature of 95oC, all soil water content is vapored (Campbell et al., 1994). After all water is vapored, soil temperature may reach 200 – 300oC (Franklin et al., 1997) and if there is significant understory in the area, soil temperature may rise up to 500-700οC (De Bano et al., 1998). However, high temperatures are not developed in soil depth greater than 20 – 30 cm (De Bano, 2000). If temperature does not exceed 200οC, the organic matter is not destroyed, and a water-repellent layer in soils is formed in moderate fires (Imeson et al., 1992; Doerr et al., 1998), whereas total combustion of organic matter is mentioned in temperatures around 460oC (Giovannini et al., 1988). Soil structure stability may increase in cases of low to moderate fires due to the formation of the hydrophobic layer on the external surface of aggregates (Mataix-Solera et al., 2011), whereas in high temperature fires, a significant decrease of their stability occurs and organic cements are ruptured (Badía and Martí, 2003). Heating at 200–250oC induces gasification of the hydrophobic substances (Doerr et al., 1998), whereas hydrophobic substances decompose irreversibly at temperatures higher than 280oC (De Bano, 2000). However, the surviving aggregates can show a higher stability than the original ones due to formation of cementing oxides (Giovannini and Lucchesi, 1997; Ketterings et al., 2000). 
	Finally, another significant factor affecting erosion processes is the sealing due to the clogging of soil pores by the ash or the freed clay minerals (Durgin and Vogelsang, 1984) which decreases soil water holding capacity and infiltration (Boyer and Miller, 1994; Fayos, 1997), and accelerates runoff and surface erosion (Moody and Martin, 2001). Following these assumptions and incorporating fire severity data based on the dNBR index, some input parameters of both models were re-evaluated during the post-fire processing.

3.3. RUSLE implementation
The Revised Universal Soil Loss Equation (RUSLE) (Renard et al., 1997) predicts soil loss from interrill (sheet) and rill erosion caused by rainfall and associated overland flow. This model described by Wischmeier and Smith (1978) for estimating soil losses (in t/ha/yr) consists of five factors; i) rainfall erosivity (R), ii) soil erodibility (K), iii) the non-dimensional topographic factor (LS), iv) the crop factor (C) and v) soil conservation practices factor (P), interrelated according to the equation:

Where the R factor, is the rainfall - runoff erosivity factor. Based on van der Knijff et al. (2000), in southern European countries the R factor is related to the annual rainfall and can be described by the TUSCAN equation. The same approach for R factor was also used by Sigalos et al. (2010) and Zarris et al. (2001) in different Greek study sites. Consequently, the R factor was calculated based on the equation R = a * Pi, where R is expressed in MJ mm ha-1h-1yr-1, Pi is the annual rainfall in mm and “a” takes the value 1.3, based on the aforementioned study. During the first and the second year Rainfall erosivity (R-factor) ranges from 713 and 580 MJ mm ha-1h-1yr-1 to 895 and 760 MJ mm ha-1h-1yr-1 respectively. Our estimate for R-factor is within the range of values (490 – 900 MJ mm ha-1h-1yr-1) proposed by Panagos et al. (2015) for the same area. The K factor is the soil erodibility factor, expressed in t ha h ha-1MJ-1 mm-1. K-factor expresses the resistance of soil to rainfall erosive effect.  Due to lack of detailed soil analysis and correlation with K factor, its value was estimated through bibliographic references (Mitchell and Bubenzer, 1980; Hrissanthou and Piliotis, 1995; van der Knijff et al., 2000; Lykoudi and Zarris, 2004). Based on the proposed values (for medium to medium fine textured soils K-factor ranges from 0.030 to 0.045 t ha h ha-1MJ-1 mm-1), according to the dominant soil types (moderately fine textured soils, formed on limestone or alluvial deposits, with areas characterised by various rock outcrops), and considering the range of values estimated by the Joint Research Center (K-factor for Attiki region: 0.034-0.038 t ha h ha-1MJ-1 mm-1) (Panagos et al. 2012; 2012b) for the study area, the pre-fire and post-fire values were estimated (Table 1). More specifically, for the post-fire values important transformations of the soil characteristics were considered interrelated to the burn severity. Those included the effect of fire on organic matter content, on structural stability of aggregates and the formation of the repellent layer on the soil surface (Certini, 2005). 
The L and S factors are the slope length and slope steepness factors. They were determined based on Wischmeier and Smith's (1978) LS factor. Both factors are typically calculated as a single Topographic factor (LS) into the equation: 

where  sl = slope length in meters, a = angle of slope, m = 0.5 if  sl >= 4.51, 0.4 if  sl = 3.01 to 4.5, 0.3 if sl = 1 to 3, 0.2 if  sl < 1, (Wischmeier and Smith, 1978; Trahan, 2003). 
In our study site, the composite LS factor was calculated using the process suggested by ESRI (Trahan, 2003), based on the DEM. The steps were (1) In ArcGISTM, using the 3D Analyst tool, we created the TIN before converting it to a Raster, (2) Using Spatial Analyst tool the slope was derived in (%). Slope angle in percentage was used both in the LS equation and for calculating m value, (3) Using Spatial Analyst tool/Hydrology, we calculated Flow Direction and then Flow Accumulation. The LS Factor was calculated using field calculator from the equation: LS = ([Flow Length Grid] / 22.1).Pow( [M Value Grid] )* [Slope Radians Grid].Sin.Pow(2) * 65.41+ [Slope Radians Grid].Sin * 4.56 + 0.065.
The C factor, is the land cover and management factor, and reflects the effect of cropping and management practices on soil erosion rates. It was initially determined using the values provided by Cebecauer et al. (2000) and Lykoudi and Zarris, (2004), based on the CORINE Land Cover (CLC) 2000 classes. For the post fire assessment, the areas characterised by high burn severity (value greater than 719), were assessed as burnt areas (CLC code 334) and the C-Factor was changed to 0.55 as it is suggested by the aforementioned literature (Table 2). 
The P factor reflects the impact of support practices on the average annual erosion rate. It was calculated using the P values provided by Kitahara et al. (2000) and depends on the type of hillside works. Two different P values were used. A value of 1 was used for the pre fire setting for both forested and agricultural areas, whereas a value of 0.76 was used after the fire in the forested areas. This is because following the fire, extensive logging and post-fire land management techniques have been applied modifying significantly the support practices (Figure 3).

3.4. PESERA implementation
The Pan-European Soil Erosion Risk Assessment (PESERA) model has been developed to be used as a regional diagnostic tool for assessing soil erosion rates on various types of land uses with different soil and topographical features (Kirkby et al., 2008; Licciardello et al., 2009). Essentially, this is a simulation model that uses data from the natural environment on the basis of a theoretical distinction of precipitation in two parts, one that creates runoff, and another that is filtered into the soil body. A critical value of soil water storage capacity is used, in combination with soil type and vegetation density data, above which runoff starts and the soil material is drifted (Tsara et al., 2005).
More specifically, PESERA estimates erosion rates by identifying three components respectively derived from climate and vegetation, topography and soil factors. A full set of 128 input data layers (96 layers with climate information, 25 with land use information, 6 with soil characteristics information and 1 with topographic characteristics information) were inserted in a single database (Table 3). The layers were converted into grid format, in a 20 m cell size, in order to execute the PESERA_GRID model. Further details on the model concepts are available in Irvine and Kosmas (2003), Kirkby et al. (2003; 2004). 
Data inputs to the model were a 1:20,000 scale soil map of the area based on field work, 30 m DEM, integrated according to elevation climate data from the neighboring meteorological station (HNMS) and the CORINE 2000 land cover map. Permanent gully, channel erosion, channel delivery processes and channel routing are processes not considered by the model (Kirkby et al., 2004). Soil erosion (E, in t ha−1 yr−1) in the PESERA model is calculated as: E = kΔΩ, where, k refers to the erodibility based on land use, soil parameters and vegetation cover, Δ refers to the topographic potential based on a digital elevation model, and Ω refers to the runoff and climate/vegetation soil erosion potential, based on gridded climate data, vegetation cover, water balance and a plant growth model. The input data in the pre-fire condition as well as their transformation for the assessment of post-fire soil erosion rates are shown in Table 4. 

4. RESULTS
Data analyses were conducted in two stages. The first stage was the estimation of erosion processes in the pre-fire setting using the RUSLE and PESERA models (Figure 4). In the second stage both models were used to estimate post-fire erosion processes (Figure 5). The estimation of the post-fire characteristics of the natural system (soil, vegetation) was based on the dNBR index. 

4.1. Pre-fire Estimated Soil Erosion Rates
4.1.1 Pre-fire estimates of soil erosion rates from RUSLE
RUSLE showed large variations in erosion rates at the study site, with minimum and maximum outliers of 0 and 1596 t ha-1 yr-1 accordingly, and an average soil loss throughout the area of approximately 17 t ha-1 yr-1(Table 5). Extremely high values of soil loss, for a limited number of sites, had a disproportionate effect on the average value. The most significant example concerns the areas with slope dips between 15-25%. In these areas, despite the fact that the dominant range of soil loss value was 1.5 – 2.9 t ha-1 yr-1, the extracted average value was 17.7 t ha-1 yr-1 (Figure 4c). Analysis of these results indicates that the areas with slopes between 15-25% which provided average soil loss values greater than 15 t ha-1 yr-1, comprised of only 4.4% of the total study area. Around 81.2% of the total area showed annual soil loss rate lower than 7.5 t ha-1 yr-1, whereas 51.8% of the area showed soil loss rate lower than 3 t ha-1 yr-1(Table 6a).  
Overall, a significant increase of soil loss was predicted by the model in areas with slope dips greater than 15%. RUSLE predicted extremely high soil loss values for areas with slopes greater than 60% (average soil loss value of about 100 t ha-1 yr-1 and an average high value of about 206 t ha-1 yr-1) (Figure 4c). These very steep slopes, representing around 0.8% of the total area, contributed 4.3% of the overall soil erosion processes. Aforementioned results probably indicate that the Topographic factor (LS), when being applied in local scale with heterogeneous terrain should be treated in a different approach. Lately a new map for LS factor was developed by the Joint Research Center (Panagos et al., 2015b) for local scale (pixel size 25m and 100m) and might reduce the estimated soil loss values. Moreover, areas with slopes greater than 60%, mainly formed on limestones that maintain no soil or soil horizons of negligible thickness, is another point for consideration when running the model. Overall, RUSLE predicted a wide range of soil erosion distribution in the area in absolute values, with significant outliers in areas with highly rugged terrain.

4.1.2. Pre-fire estimates of soil erosion rates from PESERA
For PESERA, the soil losses minimum and maximum outliers ranged from 0 to 480 t ha-1 yr-1. The average soil loss throughout the area was 6.4 t ha-1 yr-1, with an increase of soil loss rate in areas with slope dips greater than 15% (Table 5). In particular, the dominant range of soil loss values for the areas with slope dips between 15 – 25%, was between 1.6 and 7.8 t ha-1 yr-1, when the average soil loss value was 7 t ha-1 yr-1. For very steep areas, with slope dips greater than 60%, the average estimated soil loss was about 18 t ha-1 yr-1. 76.3% of the total area showed annual soil loss rates lower than 7.5 t ha-1 yr-1, whereas 68% of the area showed soil loss rates lower than 3 t ha-1 yr-1(Table 6b). It is interesting to note that areas with slope dips lower than 5%, still displayed an average soil loss of about 1.8 t ha-1 yr-1 (Figure 4c). Such areas covered about 21.5% of the total area, of which 70.7% were areas with slope dips lower than 2%. These areas were not expected to give erosion output, since they are almost flat, mainly receiving and not losing sediment. As such, during the estimation of soil erosion processes, flat to almost flat areas should probably be treated in a different approach. Evidently, predictions from PESERA showed a relatively normal distribution of the erosion rate compared to the topographic characteristics of the area.

4.1.3. Comparison of the pre-fire erosion rates 
RUSLE gave a much greater range and peak of soil erosion rate predictions than PESERA, with the maximum values being unrealistic for the specific study area. The standard deviation of soil erosion rates for each sloping class within PESERA was significantly lower compared to areas with the same topographic characteristics in the RUSLE model (Figure 4c). RUSLE showed higher sensitivity to relief alterations, especially in steep slopes, where output values for slope gradients exceeding 60% were one order of magnitude higher than the output values of PESERA. In areas with slope dips lower than 5% the PESERA model estimated almost double erosion rates compared to the RUSLE (Figure 4c). Throughout the study area, the transported soil quantity estimated by RUSLE was about 2.7 times greater than the quantity estimated by PESERA (Table 7). In both cultivated and forested areas the RUSLE model provided significantly higher values than PESERA. Average erosion rates estimated by RUSLE for the cultivated and the forested areas were 101.2 and 10.7 t ha-1 yr-1 accordingly, whereas the average rates calculated by PESERA were 2.5 and 6.5 t ha-1 yr-1 respectively (Table 8). To compare the average values of the two models for each land use type, the ratio (RUSLE/PESERA) was calculated. The R/P ratio was extremely high for the heterogeneous agricultural areas (CLC code 243), and the non-irrigated arable land (CLC code 211). The lower values for the R/P ratio were calculated for the coniferous forest (CLC code 312) and for the areas characterised as forests – transitional woodland shrublands (CLC code 324). The spatial comparative analysis of both models showed that at least in 37.5% of the area, the RUSLE output values exceeded the values derived from PESERA, whereas in 24.6% of the total area the output values provided by PESERA exceeded the values derived by RUSLE (Table 9). Areas of no significant difference in the estimated soil erosion rate among both models (soil erosion rate difference lower than 1.5 t ha-1 yr-1), as depicted in Figure 6, constitute ~38% of the study area. 

4.2. The Characteristics of the Fire in Terms of Burning Severity
Fire severity was the main indicator used for assessing fire effect on vegetation and on soil properties, and was computed by Landsat TM images. Consequently, as results showed most of the area was moderately high to highly affected by the fire (56.7% of the total area had dNBR index greater than 582) (Figure 2b). From these areas 79.1% were coniferous forest and 14.1% was transitional woodland - shrubland. Areas with dNBR ranging from 445 to 582, characterised by moderately high fire effect, consisted of 24.2%. The largest part of these areas was coniferous forest (70.7%), transitional woodland shrub land (17.8%) and sclerophyllous vegetation (3.2%) respectively. dNBR values ranging from 309 to 446 indicate Moderate to Low burn severity, which comprised of around 16% of the study area. These areas were covered by coniferous forest (69.2%), transitional woodland shrub land (19.4%) and sclerophyllous vegetation (3.8%). 

4.3. Post-fire Soil Erosion Rates Predictions
4.3.1. RUSLE-based estimates of post-fire soil erosion
The RUSLE prediction for the post-fire period displayed an extremely high soil loss average of 157 t ha-1 yr-1 throughout the area (Table 5), with minimum and maximum outliers of 0 and 6301.73 t ha-1 yr-1 accordingly. As in the pre-fire condition, the estimated soil erosion rate in areas with slope dips greater than 15% was significantly high. Indicatively the average soil erosion rates for the areas with slope dips range 15-25% was 161 t ha-1 yr-1, whereas for slope dips greater than 35% the average soil loss was higher than 360 t ha-1 yr-1. On the contrary, areas with slope dips lower than 5% showed average soil loss rates 18 to 50 times lower than the areas with slope gradients greater than 35% (Table 5). The total soil transportation throughout the study area was estimated almost nine times greater than the pre-fire condition (Table 7). Extremely high erosion rates were obtained in areas covered by coniferous forests, severely affected by the fire (dNBR > 719). In these areas the average pre-fire soil erosion rate was estimated to be around 1.8 t ha-1 yr-1, whereas after the fire this value was estimated at the extremely high value of 663 t ha-1 yr-1. These areas occupied around 15.6% of the study site. The average soil loss rate for the post-fire coniferous forested areas throughout the study site was estimated at around 154 t ha-1 yr-1 (Table 8). Overall, areas characterised by soil loss rates greater than 50 t ha-1 yr-1 occupied 20.6% of the total study site, while areas with soil loss rate lower than 5 t ha-1 yr-1 occupied more than 64% of the area (Table 10a). 
The estimated soil loss rates in areas with Low to Moderate dNBR index displayed totally different conditions. In these areas, the C factor was not changed since no significant impact on vegetation cover was considered. Yet, the factor that mainly affected the difference in the soil loss output in those areas was the rainfall erosivity (R) factor. During the first year after the fire, a decrease of the erosive rainfall events, compared to the previous year, resulted in a lower soil erosion rate. In areas not severely affected by the fire, the soil erosion rate estimates showed a decrease of about 30-36%, compared to the year before the fire (Table 11). Consequently, as discussed in the pre-fire assessment (section 4.1), the areas not expected to show extremely high soil erosion rates, should be taken into consideration. Moreover, the C factor is a critical parameter for the burned areas, since the protective role of vegetation against soil erosion, especially in the forested areas, may be highly variable based on the characteristics of the fire. 

4.3.2. PESERA-based estimates of post-fire soil erosion rates 
Figure 5 illustrates the PESERA prediction of soil erosion for the post-fire period. The average soil loss rate (about 37 t ha-1 yr-1) was about six times greater than the estimated soil loss rate one year before the fire (Table 5). The minimum and maximum outliers were 0.05 and 800 t ha-1 yr-1 accordingly. The total soil transportation throughout the whole study area was also estimated about six times greater than in the pre-fire condition (Table 7). The areas characterised by moderate to high dNBR index have mainly been affected by the fire. In these areas the estimated soil loss rate ranged from 4.5 to 7.8 times greater compared to the pre-fire period (Table 11).
The areas characterised by soil loss rates greater than 50 t ha-1 yr-1 occupied 22.3% of the total study site, while about 36% of the area was characterised by soil loss lower than 5 t ha-1 yr-1 (Table 10b). Heterogeneous agricultural areas showed the greater soil loss rates in the post-fire setting (about 95 t ha-1 yr-1), which was about nine times greater than the estimated value during the year before the fire. However such areas occupied only 1.4% of the study site. Coniferous forests and Forests-Transitional woodland-scrubland are the dominant land cover types, for which the average post-fire soil loss values were 7.7 and 1.3 times higher than in the pre-fire condition accordingly (Table 8). Topography contributes significantly to the variations in the soil loss rate (Table 5). Areas with slope gradient lower than 2% showed average soil loss rates around 16 t ha-1 yr-1, whereas areas characterised by steep slopes greater than 60% showed an average soil loss rate approximately 2 times greater (around 36 t ha-1 yr-1). Similar to the pre-fire condition, flat or almost flat areas were found to have high average erosion rate. This is an important observation that might lead to overestimation of soil loss for such classes (slope gradient < 2%), since in areas with highly rugged terrain most flat to almost flat sections usually receive sediment.  

4.3.3. Comparison of the post-fire erosion rates
Similarly to the pre-fire assessment, the range of output values by RUSLE was significantly higher than those of PESERA (Table 5). The estimated total transported soil quantity using RUSLE, compared to PESERA, for the whole study area, was around three times greater before the fire, whereas it increased to four times greater one year after the fire (Table 7). PESERA exhibited soil loss values corresponding to the high classes (soil loss rate >10 t ha-1 yr-1) in a greater percentage of the study area compared to RUSLE (Figure 5). However, RUSLE erosion rates were extremely high in localised areas so that the mean soil erosion predictions by this model were significantly higher than those from PESERA. It is also evident that the spatial distribution of the soil erosion predictions between the two models is different (Figure 5). There is a relatively poor spatial correlation between the areas prone to higher or lower erosion risk for both models (Figure 6). Pre-fire areas with very high difference in the estimated soil erosion rate occupied about 22.5% of the total area, which increased to around 58% after the fire.  Areas with almost no difference in the output occupied 38% of the area before the fire and only 15% after the fire (Table 9). However, the R/P ratio, of the average values for each land use type, was significantly lower in all agricultural areas but usually higher in forested areas (CLC codes 312 and 324), compared to pre-fire condition. The lower R/P ratio was calculated for the heterogeneous agricultural areas (CLC code 242) and the coniferous forests (CLC code 312). Output divergence is observed not only in spatial terms but also in the calculated values. This difference indicates that both models need more accurate calibration for the assessment of soil erosion processes in post-fire condition. Regarding the RUSLE model a more accurately adjusted C factor to the various post-fire conditions needs to be developed, while improved methods for assessing LS factor in local scale are critical in order to avoid high peaks especially in areas with slope dips greater than 15%. The percentage of vegetation cover along with the soil characteristics (inserted in the model as the parameters of crusting and erodibility) have a significant impact when estimating soil erosion rates with PESERA. However potential improvements can only be implied after field validation under post-fire regime. In the current study PESERA gives more realistic estimates of the spatial distribution of soil erosion. Also, the input of additional climatic parameters, such as evapotranspiration and temperature, leads into a smoother correlation of the climatic impact on soil erosion processes, avoiding high peaks. 

5. DISCUSSION
Soil erosion and land degradation processes affect various different land use types and conditions worldwide (Bai et al, 2008). As a result, an increasing number of scientists and policy makers must effectively deal with soil erosion issues and identify how to mitigate their effect. The decision of which tool and model should be used is determined not only by the goals of the research, but also by the conditions under which the model is going to be applied (Kapalanga, 2008) and the availability of input data. Moreover, the potential to elaborate input data in a GIS environment provides a significant opportunity for spatio-temporal adjustments (Karydas et al., 2012). In this study two of the most widely used soil erosion models were adopted. However, both of them were applied in a different spatio-temporal and land use context from which they were originally developed. RUSLE is an empirical model designed to assess long-term annual soil loss in croplands, on a wide scale (Renard et al., 1991), whereas PESERA is a run-off based mechanistic model designed to quantify soil erosion by water and assess this risk across Europe (Kirkby et al., 2004). 
Efforts were focused on the adjustment of both models for local scale assessment (for best results we used a 20 m resolution grid), under predominantly forest land use and for a one-year study period. We provided suggestions of how input parameters of both models could be derived, and also made a comparative discussion on their outputs. Common constrains for both models are that they do not sufficiently describe gully erosion, bank erosion and mass movements (de Vente et al., 2013) and also that both models cannot consider sediment transport processes. These two problems were easily surpassed since the aforementioned erosion processes were not the predominant ones in the current study site, whereas there was no intention to estimate sediment yield. Another issue was that under a highly heterogeneous area the assessment of the five factors comprising the empirical RUSLE model can be considerably complex. However, adoption of simplified methods for assessment may provide results suitable for risk assessment but not for precise policy implementation. Concerning PESERA, although it has a promising applicability potential, the limited range of input parameters (six specific classes of texture and twelve land use types) (Meusburger et al., 2010), impose some restrictions in the models’ parameterisation conditions for a given location. 
The comparative analysis shows that in the pre-fire setting PESERA exhibited higher values of soil erosion in 24.6% of the study area in comparison to RUSLE, whereas RUSLE exhibited higher values in about 37.5% of the area (Table 9). More specifically, there is no difference between the two models (from 0 to 1.5 t ha-1 yr-1) in the output for about 37.9% of the study area. In addition there is small difference (from 1.5 to 3 t ha-1 yr-1) for about 11% of the area, moderate difference (from 3 to 5 t ha-1 yr-1) for about 8.8 % of the area, high difference (from 5 to 10 t ha-1 yr-1) is noted for 19.8% of the area, whereas very high difference (greater than 10 t ha-1 yr-1) is exhibited in 22.5% of the study area. For the areas where the RUSLE model overestimates erosion rate, compared to PESERA, the average soil loss rate is estimated at 153 t ha-1 yr-1, whereas for areas where PESERA overestimates erosion rates, the average soil loss rate is about 75 t ha-1 yr-1. Such a result shows that the RUSLE equation gives some extremely high values which should be taken into consideration and be filtered in order to avoid erroneous results.
Overall, before the fire incident, the average soil loss rate in the whole study area, estimated by RUSLE (16.9 t ha-1 yr-1) approaches the average outputs reported in other studies for Mediterranean mountainous forested areas. Alkharabsheh et al. (2013) predicted 14.78 to 17.44 t ha-1 yr-1, in northern Jordan, whereas Borrelli et al. (2014) reported average soil loss rate 11 t ha-1 yr-1 in the Central Apennines, using the RUSLE model. Furthermore, Miller et al. (2003) reported average pre-fire erosion rates ranging from 0.45 to 9.22 t ha-1 yr-1 in New Mexico. The pre-fire estimates (6.4 t ha-1 yr-1) using PESERA were within the limits of the estimated erosion rates observed in Spain (range of values 0.02 – 13.6 t ha-1 yr-1) by de Vente et al. (2008), using the same model. Moreover, the estimated PESERA values are in relative agreement with the measured erosion rates throughout Europe as reported by Cerdan et al. (2006) (range of values 0.05 – 32 t ha-1 yr-1, with overall mean value for Mediterranean environments of about 7.9 t ha-1 yr-1). The ratio of RUSLE -based outputs and PESERA (R/P: 2.6) correlates well with Panagos et al. (2014) for Italy ((R-U)/P: 2.6). However, the average current output of both models (RUSLE: 17 t ha-1 yr-1, PESERA: 6.4 t ha-1 yr-1) is significantly lower than the potential pre-fire sediment yield estimated by Mallinis et al. (2009) (24.8 t ha-1 yr-1). Overall in forested areas average erosion rates based on RUSLE display higher values (Table 8). This is in agreement with Panagos et al. (2014) findings. However it has to be noted that for coniferous forests the PESERA calculates higher values (Table 8).
In the post-fire condition the outputs of both models have significant variations. Only 19.7% of the area appears to have slight or small variations in the provided outputs, whereas 72.9% of the study area displays high to very high variations among both models (Table 9). RUSLE for the high or very high variation classes may give values even six times higher than the ones given by PESERA. This is predominantly attributed to the modified C factor (value 0.55), which represents the post-fire vegetation cover and management factor, and secondly to the slope dips parameter. A C factor value of ~1.0 in areas recently affected by severe fires with ground cover <15% is considered to be a usual hypothesis (Terranova et al. 2009, Rulli et al., 2013). Wischmeier and Smith (1978) mention a C value of 0.7 for burned woodlands. However, in practice lower C values are used by the same investigators in their studies. For example, Di Piazza et al. (2007) uses a C value of 0.9 for calculating erosion in a Mediterranean basin. A C value ranging from 0.35 to 0.55 is calculated for the burned areas from several researchers (Šúri et al., 2002; Lykoudi and Zarris, 2004), whereas others calculate a maximum C factor value of 0.33 (Larsen and MacDonald, 2007), 0.30 (Kitahara et al., 2000), 0.27 (González-Bonorino et al., 2003), 0.249 (Fernández et al., 2010), or 0.2 (Terranova et al. 2009; Rulli et al., 2013). Various studies on RUSLE have already suggested that the model is very sensitive to the C factor (Wang et al., 2002; Karaburun, 2009), especially when estimating erosion processes after a severe fire incident (Larsen and MacDonald, 2007), and this factor should be considered when producing future models. Furthermore, when using RUSLE, acceptable outputs require deep knowledge of the components that affect each of the five factors (Yoder et al., 2001), whereas calibration according to the predominant conditions is mandatory.
The post-fire assessment of soil loss, using PESERA, provides an output with a reasonable spatial distribution, suggesting that the model can be potentially modified for use in a wide range of disciplines (Esteves et al., 2012). However, in flat or almost flat areas (0-2%), unreasonably high erosion values (average value 16.2 t ha-1 yr-1) are calculated. The pattern of RUSLE provides high discrepancies even in neighboring cells, especially in areas with highly heterogeneous terrain, with slope dips greater than 15%, as well as in areas highly affected by the fire (Figure 5). This implies that RUSLE is very sensitive to LS and C factors. The average values estimated using RUSLE (average 157 t ha-1 yr-1) were significantly higher than the point-measured soil loss values in Mediterranean fire-affected areas (average range of values 45-56 t ha-1 yr-1), as reported by Shakesby (2011), whereas the post-fire PESERA output (average 37 t ha-1 yr-1) is lower than the aforementioned values. However, Miller et al. (2003) did estimate post-fire erosion rates using the RUSLE model ranging from 1.7 to 113.2 t ha-1 yr-1 in an area of New Mexico. Larsen and MacDonald (2007) estimated, with the use of the same model, an average erosivity 286 t ha-1 in fire affected areas of the Colorado Front Range, however the estimations were claimed to be 21-24% below the long-term means reported by Foster (2004). Other studies in Greece, using different methodologies report potential post-fire sediment yield ranging from 11.0 t ha-1 yr-1 to 69.2 t ha-1 yr-1 (average 42.38 t ha-1 yr-1) (Mallinis et al., 2009). As previously mentioned, the admittedly very high predictions of soil erosion by RUSLE can be largely attributed to the C factor input for areas highly affected by fire. Based on literature, areas, characterized as burned areas, should receive a C value equal to 0.55 (Cebecauer et al. 2000; Lykoudi and Zarris 2004), which is significantly higher than the values suggested for other vegetation types (Table 2). The overall estimated transported soil quantity, using RUSLE and PESERA, was amplified by nine and six times respectively during the post-fire period. Johansen (2001), during field experiments in New Mexico, reported up to twenty five times more sediment production in burned areas compared to unburned plots, with the greater differences being noted in forested areas. Although RUSLE was originally developed to predict soil loss from long-term climatic averages, it has shown potential in predicting soil loss with the use of shorter term meteorological data. RUSLE outputs are highly sensitive to climatic condition changes, where for example, during the second year of analysis, areas not significantly affected by the fire had less erosion than in the pre-fire period. This can be in part attributed to the less erosive rainfall events (Meusburger et al., 2012) during the second year (Table 11). 
All in all, use of models which aim at describing physical processes like the ones evaluated in this study cannot be used alone. Ideally, predictions by those models should be guided or supported by experimental measurements, if available, to reach a more objective analysis. Otherwise the obtained values of soil erosion must be employed for comparative purposes or for estimating average conditions and not be considered in absolute terms (Šúri et al., 2002; Larsen and MacDonald, 2007).

6. CONCLUSIONS
Soil erosion rates predictions between the widely used RUSLE and PESERA models were compared in a pre- and post-fire setting of a Mediterranean forested site. To our knowledge, this is the first study of its kind, particularly so in the context of the influence of wildfire events to soil erosion.
 RUSLE displayed a large range of prediction values with extreme peaks, whereas PESERA showed smoother behavior, at least this appeared to be the case for our site. RUSLE predicted significantly higher erosion rates in both the pre and post fire settings, with values considerable higher to the ranges expected in similar environments. RUSLE provided extremely high soil erosion predictions, particularly so for areas with slope values greater than 60%. PESERA calculated some considerable erosion rates in slopes dipping lower than 5%, which are mainly receiving and not losing sediment during erosion processes. Our findings suggest that steep slopes and flat to almost flat areas might have to be treated in a different approach regarding the RUSLE and PESERA models respectively, and some of their predictions should be reconsidered before they are used practically. High sensitivity to topographic and rainfall erosivity factors notably affects the RUSLE output, whereas PESERA shows high sensitivity to the vegetation coverage as well as to the soil characteristics inserted as crusting and erodibility variables. The very high soil erosion predictions from RUSLE that possibly lead into an overestimation of erosion, were mainly attributed to the C factor input for areas of high burning severity. Finally, there is a relatively poor spatial correlation of the areas prone to higher or lower erosion risk for both models. For example in the pre-fire setting both models are in agreement in 38% of the area and in the post fire setting in only 15%.  Therefore, their difference is not simply observed in terms of the calculated erosion values, but also on its spatial distribution.
Findings of this study contribute decisively towards improving our ability on better understanding the effect of wildfire to soil erosion and also the practical applicability of those models in predicting pre and post-fire soil erosion rates. This is particularly important for regions like the Mediterranean basin due to the high frequency of fires in those locations annually. Indeed, such information can be of key importance to research and policy decision making purposes alike, related to the restoration and protection of those sites and more efficient natural resources management in general. 
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